Abstract : The three-dimensional mapping of time-bounded bodies of rock (chronosomes , after Schultz, 1982) forms the basis of quantitative prediction of both rock properties and biostratigraphy in the subsurface as discussed in the accompanying paper by Griffiths and Nordlund.
INTRODUCTION
Sequence stratigraphic analysis has become accepted as a valuable tool in geological interpretation (Vail et al., 1977; van Wagoner et al., 1990; Posamentier and Vail, 1988; Posamentier, 1992) . Almost invariably the interpretations are performed manually on two-dimensional data either from outcrop or in the form of seismic lines parallel to what is assumed to be the main transport direction (normal to the strike direction). In subsurface work additional seismic lines are usually available, but used only for very superficial control of the lateral persistence of horizons. No, or little attention is given to the three-dimensional geometries of the chronosomes, i.e. the units defined by the horizons. Here we assume that seismic reflectors represent time planes (as suggested by Vail et al., 1977) and that chronosomes (time plane bounded geological units; Schultz, 1982) can thus be defined from the seismics.
In many cases, there are good reasons to assume that a certain two-dimensional section will indeed provide an acceptable overall picture of the sequence stratigraphic features of a succession, especially when working with data on a regional scale (e.g. seismic sections covering a substantial part of a basin). On a smaller scale, however, and in certain environments, sequence stratigraphic analyses based on two-dimensional data should be applied with great caution. Examples of such environments are fans and deltas, i.e. environments characterized by rapid lateral shifting of source location resulting in spatially highly variable deposition.
In the following, we use a deltaic unit in the Tertiary of the North Sea as the basis for a discussion on possible approaches to high-resolution stratigraphic analysis of a deposit characterized by shifting depocenters and possible compensation cycles. Strategies for solving some of the problems in applying se- Milton and Jones, 1992) prograding clinoforms. are successively displaced basin-ward as a consequence of the lowering of relative sea level (which according to Milton & Jones may have been as much as 800 m). Above T45 is unit T50, an interval consisting of mainly retrograding topsets containing coal seams. and some clinoforms.
Within a few of the third-order sequences, a further sub-division can be observed. So, for instance a possible fourth-order cyclicity can be identified within unit T45, e.g. the Dornoch
Fm. We will in the following take a more detailed look at this unit, analyzing the stratal patterns to the limit of seismic resolution.
HIGH -RESOLUTION
The high-resolution dataset consists of 25 tightly spaced seismic sections in a grid covering ca. 110 km2 in the North Sea. The grid is adjacent to the Fladen Ground Spur in the northern part of British North Sea and covers parts of block UK 15/18 and block UK 15/ 13. The geographic position of the grid is shown in the map in Fig. lA as is the position of the two seismic lines used by Milton & Jones (1992) . The unit analyzed is a prograding clastic wedge with the main transport direction from northwest to southeast (Fig.  3) . The main part of this unit comprises the Dornoch Fm. which is Late Thanetian (Early Palaeogene) in age. The present depth to the base of the unit is about 1700 meters below sea level (mbsl) (about 1600 ms. TWT) and the maximum thickness of the unit within the area of the grid is about 500 meters.
The Dornoch wedge corresponds to stratigraphic packages 7 and 8 in the terminology of Stewart (1987) . Sequence 7 (roughly corresponding to the Lower Dornoch Fm. ) overlies the regional discontinuity separating the Montrose Group from the overlying Moray Group. Stratigraphic package 7 is represented in our dataset by chronosomes 2-19 (Fig. 4) and consists of a prograding shelf facies, sandy in the western part and shaly towards the east (Stewart, 1987) . The overlying package 8 (corresponding to the Upper Dornoch) is a coarsening upward deltaic unit constituting the main part of the wedge. In the seismics, this stratigraphic package is characterized by welldeveloped clinoformal reflections. The distal, or seaward, boundary of the delta coincides with the eastern boundary of chronosome 55 (cf. Fig. 4 ). It should be mentioned here that no corrections for the vertical displacement of dipping seismic ref lectors have been made. The differences in vertical position of horizons between strike and dip sections are small and considered to be of no relevance for our particular purpose. Corrections for differential compaction, on the other hand, are relevant.
In order to achieve this, a litho-facies distribution model is required. A depositional model based on a 3D sequence stratigraphy, provides the basis for such a litho-facies model, and thus compaction corrections are derived from an iterative process of which this present paper describes the only first stage.
Two-or three-dimensional analysis?
Since there is no unambiguous evidence for water depth in the Dornoch wedge except for some coal seams at the very top, it is difficult to relate individual chronosomes to an absolute water-depth scale. However, if we accept the idea of the sediments being deltaic in origin (Stewart, 1987) , we may make the general assumption that the position of the landward termination in most of the chronosomes is governed by the air/water interface. Such an assumption allows us to produce an approximate onlap curve directly from a 3D chronostratigraphic section.
Any seismic section orientated in roughly the dip direction could be selected for construction of a chronostratigraphic representation. However, as can be seen from a comparison between two of the seismic sections, a-a' and b-b' (cf. Fig. 1B ), they produce a somewhat different pattern (Figs. 5 and 6). In section a-a' three series of basin-ward migrating chronosomes can be distinguished (Fig. 5B) , while in section b-b' only two are observed (Fig. 6B) one particular seismic line. If we furthermore want to produce a two-dimensional diagram which shows reasonably well the depositionally significant geometric relations between units, in a manner similar to that practiced in conventional low-resolution sequence stratigraphy, then the local transport direction will also have to be considered. As a rule, the local transport direction varies within a chronosome, especially in depositional environments such as deltas. Only exceptionally can the transport direction for a chronosome be described as a straight line and, even if so, the chances of it coinciding with the orientation of a seismic line are low.
The main problem in attempting two-dimensional sequence stratigraphic analyses at high-resolu -tion, on a succession of areally restricted depositional bodies with varying source and transport direction, is that the interpretation is sensitive to the orientation and position of the two-dimensional sections (e.g. the seismic sections) through which the succession is viewed. The drawing in Fig. 7A illustrates this point. Depending on the position and orientation of the cross -section, the geometric relationships between the two units may be regarded as indicating either retrogradation, aggradation and/or progradation (Fig. 7B ). In fact, none of the sections in Fig. 7B show the true relation in this respect. For an example from our dataset we may chose chronosome 56, which may be interpreted differently depending on which section is considered (Fig. 8) .
3. Three-dimensional analysis of the Dornoch wedge How then, do we perform a sequence stratigraphic analysis in three dimensions? Obviously, the objective must be to summarize the stratigraphic information contained in the data in order to be able to present it and treat it in a manner similar to that for two-dimensional analysis. The practical problems involved in this will be discussed here. Note, that in this paper we limit our analysis to the construction of an approximate onlap curve, and to making a distinction between progradational and aggradational chronosomes. Retrogradation is considered as a special case of aggradation in this paper, although in a hydrocarbon exploration context we would separate the two as having differing seal potential.
Chronostratigraphy-
Chronostratigraphic analysis is an integral part of sequence stratigraphic analysis. Establishing the stratigraphic order of chronosomes identified from seismics is usually not a major problem. However, in deltaic or fan deposits, shifting of the depocenter may result in laterally isolated chronosomes or chrono-and Cedric M. Griffiths some packages which may make chronostratigraphic analysis very difficult indeed. Chronostratigraphic representations (Wheeler diagrams,(Wheeler, 1958) )of the sections a-a' and b-b', are presented in Figs. 5B and 6B. The chronostratigraphy was established using an automated approach developed by the authors (Nordlund & Griffiths, in prep.) . In this, each horizon in each of the digitized sections is sorted in stratigraphic order on the basis of vertical position and termination type. Two-dimensional chronosomes are defined from the sorted horizons, and these, in turn, are matched at intersections to produce three-dimensional chronosomes. As a final step the three-dimensional chronosomes are sorted stratigraphically according to the relative age of the bounding horizons.
As long as the chronosomes are overlapping, their relative age can easily be determined. However, as is obvious from Fig.4 , several of the chronosomes (e.g. The highest point of deposition in a chronosome set may be related to the upper limit of either physical (static) or hydraulic (dynamic) accommodation space (Jervey, 1988, p.47) . Static accommodation space is where the upper limit of deposition is determined by sea level, while dynamic (hydraulically determined) accommodation space is a function of the relationship between current strength and grain size (finer grained sediments will be deposited further below sea level than coarser), or mass in the case of de tached flows such as turbidites. If, therefore , variables such as rate of sea level change or sediment transport vary systematically, it may be possible to estimate a relative age from the vertical position of the highest point of deposition. If there is tectonic disturbance or erosion between the chronosomes, the absolute value (the depth) of the highest point cannot be used. Instead, the vertical position will have to be estimated on basis of some common reference such as the edge of the shelf or of the delta. In our case, tectonism is very limited, and the position of isolated chronosomes was therefore computed from the absolute position of the highest point of deposition after compensation for regional post-depositional dip .
Another possible approach to determining the stratigraphic order between laterally separated chronosomes becomes possible when 3D data are available. Systematic lateral change of sediment source can be used to determine probable order. In a delta or a fan, this approach must be combined with the mapping of compensation cycles. Fig. 3B shows a three-dimensional chronostratigraphic section of the Dornoch Fm. This obviously is a rather complex diagram. In order to fully utilize the data it contains, it should be viewed from different angles (Tipper, 1991) and preferably limited to only a few chronosomes at a time.
Progradation vs aggradation-
We can consider two different approaches to the problem of determining whether a chronosome set is generally progradational or aggradational in character. One would be to simply measure the difference in elevation between the highest point of successive (Grender, 1976; Skidmore, 1990 proportions of the distal parts of the chronosomes are used. The same would apply to a mapping using the off lap break.
Terrain analysis is a general tool for describing chronosomes and surfaces, or parts thereof, and is therefore useful in also other types of studies (other than those focusing on sea level changes). Depending on the number and types of classes defined, and on the spatial scale chosen, terrain analysis has the potential of being useful for description and formalization of a variety of depositional features; channel deposits, bars, sediment blankets etc. can be quantitatively an- only used two surface classes and one chronosome class. In spite of this, it proved effective in distinguishing automatically between different depositional modes. One thing that may be possible to suggest at this stage is that the general scarcity of series of retrogradational chronosomes may be taken as supporting the conclusion of Milton & Jones (1992) who showed that sequences in this unit (T45) have been affected by the general uplift and may therefore lack well developed transgressional elements. On the basis of the 3D analysis of the limited data available there appear to be at least four cycles present in the T45 unit.
It should also be noted that after the initial manual digitization of reflections, everything presented in this paper can be automatically generated, from 3D chronostratigraphy to cycle identification.
PREDICTION OF LITHOLOGY IN THREE-DIMENSIONS
The successful prediction of lithology is of course of paramount importance in hydrocarbon exploration. As detailed in Griffiths and Nordlund (this volume) there are many possible approaches to this problem at a variety of scales. The chronosome, at all scales, must provide the basic three -dimensional predictive unit. At outcrop the chronosome may be a few centimeters in thickness representing seconds of deposition. In the subsurface Tertiary it may be tens of meters (ms TWT) thick, representing (typically) ten to twenty thousand years. In the Jurassic those same tens of ms TWT at 3.5s TWT may represent a million years of deposition and erosion, but nevertheless it is the 3D shape and orientation of the chronosome and its relation to neighboring chronosomes that provide the basic predictive capacity.
Having identified prograding, aggrading and retrograding sets of chronosomes one is still faced with the need to identify internal lithosome distribution. Seal probability will be different in prograding as op- posed to aggrading and retrograding systems. The prediction of net sand distribution within the chronosome can be approached using a variety of techniques . Sediment process modeling within the chronosome is one approach that is being used in this context . integrated with seismic inversion. Later papers will illustrate this methodology. CONCLUSIONS In conclusion we can say that; • High-resolution stratigraphic studies should be made in three dimensions. This is especially important when dealing with depositional environments characterized by a laterally shifting depocenter.
• Data must cover the whole , or at least a major part, of the depositional system being analyzed (e.g. the delta) in order to reliably establish the high-resolution sequence stratigraphy.
• The techniques of Digital Terrain Analysis appear to be useful in quantitative analyses involving external geometries of chronosomes. These techniques are very flexible and allow analysis of surfaces as well as chronosomes.
• Prediction of lithology within the chronosome is facilitated by the 3D approach.
• The procedure outlined here has been automated on an Apple Macintosh and enables rapid 3D chronostratigraphic analyses using a minimum of capital outlay.
